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Abstract: Chrysanthemum (Chrysanthemum morifolium (Ramat.) Kitamura) plants have

great ornamental value, but their flowers can also be a source of pollen contamination.
Previously, morphological and cytological studies have shown that anthers of some chrysanthemum
cultivars such as ‘Qx-115’ fail to dehisce, although the underlying mechanism is largely unknown.
In this study, we investigated the molecular basis of anther indehiscence in chrysanthemum via
transcriptome analysis of a dehiscent cultivar (‘Qx-097’) and an indehiscent cultivar (‘Qx-115’). We also
measured related physiological indicators during and preceding the period of anther dehiscence.
Our results showed a difference in pectinase accumulation and activity between the two cultivars
during dehiscence. Detection of de-esterified pectin and highly esterified pectin in anthers during the
period preceding anther dehiscence using LM19 and LM20 monoclonal antibodies showed that both
forms of pectin were absent in the stomium region of “Qx-097" anthers but were abundant in that of
‘Qx-115" anthers. Analysis of transcriptome data revealed a significant difference in the expression
levels of two transcription factor-encoding genes, CmLOB27 and CmERF72, between ‘Qx-097" and
‘Qx-115" during anther development. Transient overexpression of CmLOB27 and CmERF72 separately
in tobacco leaves promoted pectinase biosynthesis. We conclude that CmLOB27 and CmERF72 are
involved in the synthesis of pectinase, which promotes the degradation of pectin. Our results lay a
foundation for further investigation of the role of CmLOB27 and CmERF72 transcription factors in the
process of anther dehiscence in chrysanthemum.

Keywords: Chrysanthemum morifolium; anther dehiscence; RNA-Seq; pectin degradation; CmERF72;
CmLOB27

1. Introduction

Chrysanthemum (Chrysanthemum morifolium (Ramat.) Kitamura) originates from China, where it
is one of the 10 most beloved traditional flowers, and is among the world’s most popular cut flowers [1].
Chrysanthemum flowers have a single capitulum/inflorescence which bears multiple bisexual tubular
flowers and female ray flowers; all of the bisexual tubular flowers release pollen grains after anther
dehiscence, thus it may cause serious pollen contamination. Pollen contamination significantly reduces
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the ornamental value of chrysanthemum, quickly shortens its shelf life, and also elicits severe allergic
reactions in some people, particularly those allergic to pollen [2,3]. Manual removal of anthers
can ameliorate the pollen contamination of cut flowers; however, this method is not feasible in
chrysanthemum. A single inflorescence of chrysanthemum contains hundreds of bisexual tubular
flowers, each of which contains a large number of tiny anthers. Manual removal of anthers is not
only time-consuming and laborious, but also causes chrysanthemum to lose its ornamental value.
Therefore, pollen contamination due to chrysanthemum flowers is a major problem in the cut flower
industry and should be urgently resolved. The severity of pollen contamination is usually proportional
to the degree of anther dehiscence and amount of pollen grains produced by a plant [4,5]. Breeding of
male sterile lines with anther indehiscence or pollen abortion phenotype could be used to reduce or
eliminate pollen pollution due to chrysanthemum flowers.

Three key processes are implicated in anther dehiscence: Dehydration of anther, lignin deposition
in anther wall, and degradation of anther wall (Figure S1) [6]. Aquaporins, in addition to several
metal cation transporters, reportedly participate in the process of anther dehydration by increasing the
osmotic potential of anther tissues [7,8], thus generating enough force to bend the anther wall outwards.
Additionally, lignin synthase and carbonic anhydrase regulate the thickening of woody deposits in
endothecium cells [9]; these uniformly thickened cells also provide a directional mechanical force that
triggers anther dehiscence. The dehydration of anthers, together with lignin deposition in endothecium
cells, is sufficient to induce anther dehiscence [10]. During the process of anther dehiscence, cells in the
stomium region are degraded by pectinase and cellulase to form a crack, which directly leads to the
complete dehiscence of the anther [11,12].

To date, few studies have focused on anther dehiscence in chrysanthemum. Previously, we showed
that anther dehiscence or indehiscence is a critical factor affecting pollen contamination in
chrysanthemum [13]. However, studies on the mechanism of anther dehiscence in chrysanthemum
are limited [4]. In this study, we used two chrysanthemum cultivars, ‘Qx-097" and ‘Qx-115’,
as experimental materials. Anthers of ‘Qx-097" dehisce normally and produce a large amount of pollen;
by contrast, anthers of ‘Qx-115" are indehiscent and therefore incapable of pollen pollution (Figure S2).
To understand the key factors driving anther dehiscence in chrysanthemum, we investigated the
differences in the cellular characteristics and transcriptome profiles of anthers between ‘Qx-097’and
‘Qx-115" cultivars during flowering, with a special focus on the regulatory genes and metabolic
components involved in anther dehiscence.

2. Results

2.1. Anther Development and Dehiscence in Chrysanthemum

The ‘Qx-097’ cultivar produced larger inflorescences than ‘Qx-115" (Figure 1A,B) and dehiscent
anthers, thus producing a large amount of many pollen grains (Figure 1C). The anthers of ‘Qx-115
were indehiscent and maintained their surface integrity, thus producing no pollen (Figure 1D).
The cross-sectional view of anthers revealed a uniform U-shaped thickening of endothecium cells in the
stomium in ‘Qx-097" cultivar (Figure 1E), but an uneven thickening in the ‘Qx-115" cultivar (Figure 1F).

At the stage before anther dehiscence (period 1), ‘Qx-097" (Qx-097-1; Figure 2A) and ‘Qx-115
(Qx-115-1; Figure 2C) anther samples retained their complete morphological structure. However, at the
crucial stage of anther dehiscence (period 2), in the ‘Qx-097" sample (Qx-097-2; Figure 2B), the anther
septum was completely degraded, and the cells in the stomium region were in the process of degradation.
Moreover, the ‘Qx-097-2" anthers showed a crack, and pollen grains released from this crack could
be observed (Figure 2B). At the corresponding stage (Qx-115-2), the anther wall of the anthers in the
‘Qx-115’ cultivar had collapsed inward and contained many pollen grains, with no apparent dehiscence
(Figure 2D).
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Figure 1. Morphological and anatomical features of anthers of chrysanthemum cultivars, ‘Qx-097"
and ‘Qx-115’. (A) Blooming inflorescence of ‘Qx-097’. (B) Blooming inflorescence of ‘Qx-115’.
(C) Five dehiscing anthers of ‘Qx-097’. (D) Five indehiscent anthers of ‘Qx-115’. (E) Cross-section
of the ‘Qx-097" anther observed under a transmission electron microscope (TEM). (F) Cross-section
of the ‘Qx-115" anther observed under TEM. En, endothecium; Ep, epidermis; PG, pollen grain; St,
secondary thickening.

Figure 2. Cytological analysis of ‘Qx-097’ and ‘Qx-115" anthers. (A,B) Paraffin-embedded sections
of anthers of cultivar ‘Qx-097" at period 1 (A) and period 2 (B). (C,D) Paraffin-embedded sections of
anthers of cultivar ‘Qx-115" at period 1 (C) and period 2 (D). Pe, petal; PG, pollen grain; Sm, septum; St,
stomium; StR, stomium region; V, vascular region; CL, collapsed locule.
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2.2. RNA-Seq Analysis and Read Assembly

To compare gene expression during anther development between the two cultivars, three
biological replicates of Qx-097-1 (97-1a, 97-1b, 97-1c), Qx-097-2 (97-2a, 97-2b, 97-2¢c), Qx-115-1 (115-1a,
115-1b, 115-1c), and Qx-115-2 (115-2a, 115-2b, 115-2¢c) samples were used to construct cDNA libraries,
which were sequenced on Illumina Hiseq platform. We expected to get 12 libraries, but only 11 libraries
were available due to low RNA quality of 97-1c. A total of 73.43 Gb data was generated. The clean
reads were assembled to generate 213,845 unigenes, with a total length of 217,351,585 bp. The average
length, N50 value, and GC content of the unigenes were 1016 bp, 1606 bp, and 39.60%, respectively.
Read quality metrics of each sample after filtering are shown in Table S1.

2.3. Gene Annotation and Functional Classification

After assembling, we mapped clean reads to unigene, then calculated gene expression level for
each sample. Then we performed principal component analysis (PCA) with all samples (Figure 3A).
The results show that the gene expression pattern of anther tissue in the same period was relatively
close in different cultivars (Qx-097-1 and Qx-115-1, Qx-097-2 and Qx-115-2).

Of all the 213,845 unigenes identified in our data, the number of unigenes annotated using
seven public databases, including nucleotide (NT), non-redundant (NR), Clusters of Orthologous
Groups (COG), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Swiss-Prot,
and InterProScan, are listed in Table 1. Based on the functional annotation results, a total of 28,004 simple
sequence repeats (SSRs) were detected in 23,317 unigenes, and 3463 unigenes encoding transcription
factors (TFs) were predicted.

Table 1. Summary of the functional annotation of chrysanthemum unigenes.

Values Total Nr Nt Swiss-ProtKEGG COG Interpro GO
Number 213,845 115949 95803 79,969 87,073 41,570 76,348 37,081
Percentage (%) 100 54.22 44.08 37.40 40.72 19.44 35.70 17.34

Database abbreviations: Nr, non-redundant; Nt, nucleotide; KEGG, Kyoto Encyclopedia of Genes and Genomes;
COG, Clusters of Orthologous Groups; Interpro, InterProScan; GO, Gene Ontology.

The differentially expressed genes (DEGs) were analyzed by sequence homology using the
GO database, which categorized 3495 DEGs into 94 functional groups belonging to three main
classes: ‘Biological process’ (44 categories), ‘cellular component’ (26 categories), and ‘molecular
function’ (24 categories). The majority of the GO-annotated unigenes belonged to ‘metabolic process’
(1577 unigenes, 45.1%) and ‘cellular process’ (1,497 unigenes, 42.8%) categories under ‘biological
process’; ‘membrane’ (1202 unigenes, 34.4%) and ‘intracellular’ (1,191 unigenes, 3%) categories under
‘cellular component’; and ‘binding’ (1560 unigenes, 44.6%) and ‘catalytic activity” (1556 unigenes,
44.5%) categories under ‘molecular function’ (Figure 3B).

Furthermore, we annotated DEGs to higher-level systemic functions at the cell, species,
and ecosystem levels using the KEGG database (E-value threshold = 0.00001) and KEGG-linked catalog
of genes obtained from completely sequenced genomes. A total of 4446 DEGs located in 20 KEGG
pathways were annotated (Figure 3C). These included ‘global and overview maps’ (1917 unigenes,
43.1%), ‘carbohydrate metabolism’ (762 unigenes, 17.1%), ‘folding, sorting, and degradation’
(689 unigenes, 15.5%), ‘translation” (688 unigenes, 15.5%), and ‘transport and catabolism” (556 unigenes,
12.5%), implying that these pathways might play a primary role in the process of anther dehiscence
in chrysanthemum.
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Figure 3. PCA analysis of transcriptome data and Gene Ontology (GO)/Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of differentially
expressed genes (DEGs). (A) PCA analysis of transcriptome data. The same color dots represent replicates. (B) Histogram showing the number of DEGs annotated
using GO classifications. (C) Histogram showing the number of DEGs annotated using KEGG classifications.
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2.4. Validation of Gene Expression by qRT-PCR

To verify the RNA-Seq data, the expression of 15 randomly selected DEGs was examined by
quantitative real-time polymerase chain reaction (GQRT-PCR). The qRT-PCR results were consistent
with the RNA-Seq data (Table S3), as the correlation coefficients (r) were greater than 0.9 for all genes.
Thus, this confirmed the reliability of our RNA-Seq data.

2.5. Anther Dehiscence-Associated DEGs

Four-way comparisons of transcriptome data were carried out: Qx-097-1 vs. Qx-097-2, Qx-115-1
vs. Qx-115-2, Qx-097-1 vs. Qx-115-1, and Qx-097-2 vs. Qx-115-2 (Figure S5). Compared with Qx-097-1,
399 and 787 genes were up- and down-regulated, respectively, in Qx-097-2. Compared with Qx-115-1,
838 and 1577 genes were up- and down-regulated, respectively, in Qx-115-2. Compared with Qx-097-1,
4129 and 7573 genes were up- and down-regulated, respectively, in Qx-115-1. Compared with Qx-097-2,
5202 and 10,033 genes were up- and down-regulated in Qx-115-2, respectively.

The heatmap in Figure 4 shows the expression of DEGs in the anthers of ‘Qx-097" and ‘Qx-115’
cultivars. The 33 DEGs which were relevant to the process of anther dehiscence were selected according
to the existing literatures for investigation of their expression in ‘Qx-097" and ‘Qx-115’; the details of
these DEGs are listed in Table S2. Two NEC3 genes (CL25624.Contig2_All, CL21412.Contigl_All) and four
other genes (CL25204.Contig2_All, CL12578.Contigl_All, CL17791.Contig2_All, CL12578.Contig2_All)
encoded aquaporin proteins involved in anther dehydration. The expression level of these genes was
up-regulated in Qx-097-2 compared with Qx-097-1, Qx-115-1, and Qx-115-2 (Figure 4A).

The expression levels of genes involved in lignin deposition, including NAC83 (CL5973.Contig2_All),
ABC (CL26012.Contig6_All, CL26012.Contig3_All), and CA (CL25624.Contig2_All, CL21412.Contigl_All,
CL1489.Contig2_All, CL1489.Contigl_All), were significantly different between anthers of ‘Qx-097" and
‘Qx-115", whereas OPR1 (CL19922.Contigl_All) and DAD1 (Unigene38121_All) genes were similarly
expressed in anthers of ‘Qx-097" and ‘Qx-115" (Figure 4B).

Based on the expression level, some enzyme genes involved in cell wall degradation were
identified, which included PL (pectate lyase), PG (polygalacturonase), PME (pectin methylesterase),
and EXP (expansin). Three PL genes (CL21016.Contigl_All, CL11721.Contig4_All, CL11721.Contig1_All),
three PG genes (CL9057.Contig2_All, Unigene46674_All, Unigene38948_All), three PME genes
(CL24615.Contig2_All, Unigene43657_All, CL24615.Contigl_All), four EXP genes (CL7761.Contigl_All,
CL7761.Contig2_All, CL14843.Contigl_All, CL14843.Contig3_All), and five CP (cysteine protease) genes
(CL10699.Contig2_All, Unigene60644_All, CL10699.Contig3_All, Unigene15250_All, CL262.Contig4_All)
were up-regulated in ‘Qx-097" anthers compared with ‘Qx-115" anthers. The expression levels of these
genes were also up-regulated in Qx-097-2 anthers compared with Qx-097-1 anthers (Figure 4C).

To further identify DEGs, we used Venn diagrams to plot transcription factor-encoding genes
with different expression levels between ‘Qx-097" and ‘Qx-115" anthers (Figure 5) and screened 122
DEGs after the removal of duplicates. The 122 differentially expressed TFs belonged to 30 TF families,
and the heatmap in Figure 6 shows the different expression levels of them. Based on their functional
annotation information and expression level in Qx-097-1, Qx-097-2, Qx-115-1, and Qx-115-2 samples
(Table S4), we can further screen for differentially expressed transcription factor-encoding genes that
may be associated with anther dehiscence.
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Figure 4. Heatmap of differentially expressed genes (DEGs) potentially involved in anther dehydration,
lignin deposition, and stomium region degradation in chrysanthemum cultivars ‘Qx-097" and ‘Qx-115’.
97-1, anthers of ‘Qx-097" at period 1; 97-2, anthers of “Qx-097" at period 2; 115-1, anthers of ‘Qx-115" at
period 1; 115-2, anthers of ‘Qx-115" at period 2. The bar represents the expression (FPKM) level of each
gene in 97-1, 97-2, 115-1, and 115-2 as indicated by red/blue rectangles, the deeper color indicates the
higher/lower expression. The number next to the color bar on the right side refers to the Log, value of
the FPKM.
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D 97 VS 115 TF

Figure 5. Venn diagrams showing the number of DEGs encoding TFs. Overlaps represent genes
simultaneously differentially expressed in two or three groups. 97UP: Up-regulated genes during the
anther development of ‘Qx-097". 97DOWN: Down-regulated genes during the anther development
of ‘Qx-097’. 115UP: Up-regulated genes during the anther development of ‘Qx-115". 115DOWN:
Down-regulated genes during the anther development of ‘Qx-115". 97N: Genes showing no differential
expression in the Qx-097-2 vs. Qx-097-1 comparison. 115N: Genes showing no differential expression
in the Qx-115-2 vs. Qx-115-1 comparison. 97 vs. 115: Genes that are not differentially expressed during
the anther development of ‘Qx-097" or ‘Qx-115", but differentially expressed when ‘Qx-097’ compared
with ‘Qx-115". TF, all the transcription factor-encoding genes identified in our data. The comparison
scheme is as follows: (A) 115UP N (97N U 97DOWN) N TE, (B) 115DOWN N (97UP U 97N) N TF,
(C) 115N N (97UP U 97DOWN) N TF, (D)97 vs. 115N TE.
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Figure 6. Heatmap of 122 differentially expressed TFs. The bar represents the expression (FPKM)

level of each gene in 97-1, 97-2, 115-1, and 115-2 as indicated by red/blue rectangles, the deeper color

indicates the higher/lower expression. The number next to the color bar on the right side refers to the

Logy value of the FPKM.

2.6. Six Selected Gens Expressions in Different Tissues

We selected six chrysanthemum genes, including CmCP (CL262.Contig4_All), CmPL6
(CL11721.Contigl_All), CmCA3 (CL7761.Contig2_All), CuNAC72 (CL17347.Contig3_All), CmNAC83
(CL5973.Contig2_All), and CmWRKY12 (CL12182.Contigl_All), whose homologs in model plants are
known to play key roles in the process of anther dehiscence [9,11,12,14-17]. We quantified the
expression levels of these genes in four tissues (leaves, ray flowers, and anthers at period 1 and
period 2) of ‘Qx-097" and ‘Qx-115’ cultivars (Figure 7). Compared with Qx-097-1, the expression of
CmCP, CmPL6, and CmCA3 was up-regulated in Qx-097-2, and these three genes were not expressed
in the leaves, ray flowers, and anther tissues of ‘Qx-115". Only CmNAC72 showed higher expression
in Qx-115-2 compared with the other seven tissues. During anther development, CmWRKY12 was
up-regulated in ‘Qx-097" compared with ‘Qx-115".
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Figure 7. Quantitative real-time PCR (qRT-PCR) expression analysis of genes in different tissues and at
different developmental stages in the chrysanthemum cultivars ‘Qx-097" and ‘Qx-115’. 97L, ‘Qx-097’
leaves; 97R, ‘Qx-097’ ray flowers; 97-1, ‘Qx-097’ anthers at period 1; 97-2, ‘Qx-097" anthers at period 2;
115L, ‘Qx-115" leaves; 115R, ‘Qx-115’ ray flowers; 115-1, ‘Qx-115" anthers at period 1; 115-2: “Qx-115’
anthers at period 2. Data represent mean + standard deviation (SD; n = 3).

2.7. Comparisons of Accumulated Galacturonic Acid, Pectinase, Lignin, and Lignin Synthase in Anthers
Between the Four Samples

Anthers of ‘Qx-097" showed significantly lower galacturonic acid content than those of
‘Ox-115". During anther development from period 1 to period 2, the galacturonic acid content
decreased significantly by 26.17% in ‘Qx-097" but remained unchanged in ‘Qx-115" (Table 2).
Furthermore, the pectinase content of ‘Qx-097" anthers significantly exceeded that of ‘Qx-115" anthers.
Nevertheless, increased pectinase content during anther development was also detected in “Qx-115"
(Table 2), which needs to be confirmed by further research.

The lignin content of ‘Qx-097" anthers increased by 15.95% during development, whereas the
corresponding increase in ‘Qx-115" anthers was considerably lower (11.17%). The lignin synthase
content increased by 26.87% in ‘Qx-097" during anther development, more than double the increase
observed in ‘Qx-115" anthers (17.62%). During anther development, the contents of lignin and lignin
synthase increased significantly in both ‘Qx-097" and ‘Qx-115" cultivars, with no significant differences
between them in period 2. This result suggests that endothecium cells in the anthers of both ‘Qx-097
and ‘Qx-115’ cultivars underwent lignin deposition (Table 2).



Int. J. Mol. Sci. 2019, 20, 5865

11 of 22

Table 2. Contents of galacturonic acid, pectinase, lignin, and lignin synthase (LNS) in anthers of
‘Qx-097" and ‘Qx-115" chrysanthemum cultivars.

Samples.

Galacturonic Acid (ng/g)  Pectinase (ng/g) Lignin (ng/g) LNS (ng/g)
Qx-097-1 113.298 £ 5.389 b 117105 +2.093a  387.261 +7.674c  528.150 + 31.466 ¢
Qx-097-2 83.651 +4.791 ¢ 107.070 +4.063b  449.010 £18.205a  670.039 +39.355 a
Qx-115-1 137.171 +4.533 a 69.677 £0.934d 415938 £4.386b  591.352 +19.321b
Qx-115-2 139.494 + 1983 a 94747 £3.134c 462407 +16.761a  695.570 + 44.867 a

Data represent mean + standard error (SE). Different lowercase letters indicate significant differences (p < 0.05;
Duncan’s test).

2.8. Pectin Accumulation in ‘Qx-097" and ‘Qx-115" Anthers

Immunohistochemistry revealed that both LM19 and LM20 antibodies displayed weak significant
fluorescence signals in the stomium region of Qx-097-2 anthers, indicating low content of de-esterified
pectin and highly esterified pectin. However, stronger fluorescence signals of LM19 and LM20
antibodies were detected in the stomium region cells of ‘Qx-115" anthers, indicating greater accumulation
of de-esterified and highly esterified pectin (Figure 8).

CK LM19

LM20

Qx-097

Qx-115

Figure 8. Immunofluorescence localization of LM19 and LM20 antibodies in the anthers (period 2) of

chrysanthemum cultivars ‘Qx-097" and ‘Qx-115". Red squares mark the area of the stomium region in
the anther. CK, control.

2.9. Expression Model of CmERF72 and CmLOB27 in Chrysanthemum

Based on previous studies and our transcriptome findings, we selected 2 out of 122 transcription
factor-encoding genes (CmERF72 and CmLOB27), both of which may be associated with anther
dehiscence in chrysanthemum. The CmERF72 gene was down-regulated during anther development
in ‘Qx-115" but up-regulated in ‘Qx-097". Conversely, CmLOB27 was specifically expressed in ‘Qx-097"

anthers and was up-regulated during anther development, yet this gene was barely expressed in the
anthers of ‘Qx-115" (Figure 9A).
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Figure 9. Verification of the expression of CmLOB27 and CmERF72 genes in chrysanthemum and tobacco.
(A) Expression analysis of CmERF72 and CmLOB27 in different tissues and at different developmental
stages in the chrysanthemum cultivars ‘Qx-097" and ‘Qx-115" by qRT-PCR. 97L, ‘Qx-097" leaves; 97R,
‘Qx-097' ray flowers; 97-1, ‘Qx-097" anthers at period 1; 97-2, ‘Qx-097" anthers at period 2; 115L, ‘Qx-115’
leaves; 115R, ‘Qx-115’ ray flowers; 115-1, ‘Qx-115" anthers at period 1; 115-2: “Qx-115" anthers at period
2. (B) Transient expression of CmERF72-GFP and CmLOB27-GFP fusion proteins in tobacco leaves.
(C) Changes in pectinase and galacturonic acid contents in tobacco leaves transiently transformed
with pCAMBIA1300-CmERF72, pPCAMBIA1300-CmLOB27, and pCAMBIA1300 (empty vector control).
Data represent mean + SD (n = 9). “**’ indicates significant differences (p < 0.05, Duncan’s test).

2.10. Transient Expression of CmERF72 and CmLOB27 in Tobacco Leaves

The fluorescence signals of CmERF72-GFP and CmLOB27-GFP fusion proteins were detected
in tobacco leaves, indicating the expression of CmERF72 and CmLOB27 genes (Figure 9B).
Moreover, the pectinase and galacturonic acid contents of tobacco leaves transiently transformed with
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CmERF72-GFP and CmLOB27-GFP constructs were significantly higher than those of control leaves
(Figure 9C).

3. Discussion

Although abundant pollen is essential for the cross and haplotype breeding of chrysanthemum,
it also causes pollen contamination, which significantly reduces the ornamental value, quickly shortens
the vase life, and also elicits severe allergic reactions for some people, harmful to human health [2,3].
On the other hand, plants without pollen grains can also avoid artificial emasculation in cross breeding
and prevent gene flow from transgenic plants [18]. Therefore, it is important to breed male sterile lines
with anther indehiscence or pollen abortion to reduce or eliminate pollen contamination.

RNA-Seq is a revolutionary tool for transcriptomics, as this high-throughput sequencing
technology provides an efficient and reliable platform for molecular biology research [19]. In this
study, we applied Illumina RNA-Seq technology to study the molecular basis of anther dehiscence
in chrysanthemum. Through the analysis of DEGs by GO and KEGG enrichment, we found that the
majority of the GO-annotated unigenes belonged to the ‘metabolic process’, ‘binding’, and ‘catalytic
activity’, and the majority of the KEGG-annotated DEGs belonged to ‘global and overview maps’,
‘carbobolism metabolism’, and ‘folding, sorting and degradation” pathways. This result is consistent
with the biological processes involved in the anther dehiscence process, such as lignin deposition in
the endothecium, pectin degradation in anther cell wall, cell dehydration, plant hormone regulation,
and TF regulation (Figure S1) [6].

Uniform deposition of lignin in the endothecium of anthers promotes their dehiscence [20-23].
Early study has reported that U-shaped secondary thickening of endothecium cells is the
necessary development process of anthers for dehiscence [24]. The U-shaped thickening of
endothecium cells has been reported to play an important role in the anther development in
Nivenioideae, Iridoideae-Sisyrinchieae [25], Pyrus ussuriensis Maxim [26], and Brachypodium distachyon [27].
Extensive experimental evidence now confirms that such a uniform deposition of lignin in the
endothecium provides sufficient cracking force to drive anther dehiscence [28,29]. Furthermore, several
mutants defective in lignin deposition exhibit abnormal phenotypes such as indehiscent anthers and
defective pollen grains [20,30,31]. In our study, the contents of lignin and lignin synthase in anthers
showed similar increases in ‘Qx-097" and ‘Qx-115" cultivars during anther development (Table 2). At
the late stage of anther development, lignin deposition occurred in both ‘Qx-097" and ‘Qx-115" anthers.
Then, we observed the anthers of ‘Qx-097" and ‘Qx-115" with a transmission electron microscope and
found that the anthers of ‘Qx-097" were characterized by uniform U-shaped lignin deposition, whereas
those of ‘Qx-115" showed uneven lignin deposition (Figure 1E,F). This suggests that non-uniform
deposition of lignin in the endothecium of anthers in the ‘Qx-115" cultivar is responsible for its
indehiscent phenotype.

In addition, the enzymatic hydrolysis of the stomium region is also important for promotion
of anther dehiscence. Degradation of the stomium region involves pectinase hydrolysis and
programmed cell death [16] and is regulated by many enzymes, such as pectinase (PG, PL, PME),
EXP, and CP [12,32,33]. In our chrysanthemum transcriptome data, several PL, PME, PG, CP, and
EXP genes showed differential expression between ‘Qx-097" and ‘Qx-115" cultivars. Genes including
CmCP (CL262.Contig4_All) and CmPL6 (CL11721.Contigl_All) were up-regulated in Qx-097-2 compared
with Qx-097-1 but were not expressed in the leaves, ray flowers, or anthers of the indehiscent cultivar,
‘Qx-115" (Figure 7). The differential expression of pectinase-related genes during anther development in
‘Qx-097" and ‘Qx-115" cultivars caught our attention (Figure 4C); therefore, we determined the levels of
galacturonic acid and pectinase in the Qx-097-1, Qx-097-2, Qx-115-1, and Qx-115-2 samples. The results
revealed the galacturonic acid content of Qx-097-2 decreased significantly with developmental
progression; however, no difference was detected in ‘Qx-115" anthers at different developmental
stages (Table 2). The pectinase content of ‘Qx-097" anthers significantly exceeded that of ‘Qx-115
anthers at both developmental stages (period 1 and period 2) (Table 2). Immunofluorescence results
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indicated the absence of esterified and de-esterified forms of pectin in the stomium region cells of
Qx-097-2 anthers and abundance of both forms of pectin in the stomium region cells of ‘Qx-115
anthers (Figure 8). Together, these results suggest that the anthers of ‘Qx-115" contained more pectin,
which might contribute to the maintenance of the intact anther wall, thus inhibiting anther dehiscence.

In several South African resurrection plants, pectin enrichment increases cell wall plasticity and
flexibility, allowing the plants to withstand long periods of desiccation [34]. Other studies have shown
that PG and EXP proteins are involved in the degradation of the polysaccharide network in the cell
wall of tomato (Solanum lycopersium) fruit during the maturation process [33,35]. Several reports have
shown how pectin degradation is related to fruit softening and ripening [36,37]. Pectin is critical for the
maintenance of cell structure, and studies have shown that specific changes in the pectin composition
of anthers are necessary for anther dehiscence [38]. This implies that the process of anther dehiscence
has a similar mechanism as the process of fruit softening and ripening.

Studies have shown that many TFs are involved in the degradation of pectin. To explore the role
of TFs in pectin metabolism and their association with anther dehiscence, we screened DEGs, of which
122 encoded TFs (Figure 5). The CmLOB27 (CL23417.Contig2_All) and CmERF72 (CL1784.Contig3_All)
genes showed significant differences in expression between ‘Qx-097" and ‘Qx-115" anthers. In the model
plant species Arabidopsis thaliana, in which the expression of LOB (short for lateral organ boundaries)
genes has been demonstrated at the boundaries of lateral organs during vegetative and reproductive
development, is a member of the DUF TF family [39]. In recent years, the function of LOB genes in
lateral organ development, plant regeneration, photomorphogenesis, and pathogen response, along
with specific developmental functions, has also been demonstrated in non-model plant species [40].
The MaL.BD1-MalLBD3 genes of banana (Musa acuminata) (DUF TF family genes) regulate fruit ripening
via the activation of EXP genes [41]. Another study reported the involvement of DUF642 protein
in pectin-associated disruption of cell wall structure and thickness [42]. However, the role of LOB
genes in anther dehiscence has not yet been reported. The ERF (short for ethylene response factor)
genes are involved in ethylene signaling, promoting fruit softening and dehiscence [43]. RhERF1
and RhERF4 proteins bind to the promoter of the pectin metabolism gene 3-GALACTOSIDASE1
(RhBGLA1) and suppress its expression, thus inhibiting the degradation of pectin and delaying petal
abscission in Rosa hybrida [44]. In our study, CmLOB27 was highly expressed in the anthers of
‘Qx-097" and was up-regulated during anther development in this cultivar; however, the expression of
CmLOB27 was negligible in the leaves and ray flowers of ‘Qx-097’ and in all four tissues of ‘Qx-115
(Figure 9A). CmERF72 was expressed in the leaves, ray flowers, and anthers both of ‘Qx-097" and
‘Qx-115"; importantly, this gene was up-regulated in ‘Qx-097’ and down-regulated in ‘Qx-115" during
anther development (Figure 9A). Moreover, tobacco leaves overexpressing CmLOB27 or CmERF72
contained higher levels of pectinase than control leaves. Collectively, our results suggest that CmERF72
and CmLOB27 directly or indirectly promote the synthesis of pectinase, which would degrade pectin.
Nevertheless, further studies are required to elucidate the specific regulatory network that regulates
pectin metabolism. We suspect that this network facilitates anther dehiscence in chrysanthemum,
although further evidence is needed to prove this suspicion.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Chrysanthemum cultivars, ‘Qx-097" (dehiscent phenotype) and ‘Qx-115" (indehiscent phenotype)
were grown in the greenhouse of the Chrysanthemum Germplasm Resource Preserving Centre,
Nanjing Agricultural University, China (32°95" N, 118°85” E). More than 50 plants of each cultivar were
grown in the greenhouse, ensuring that we could obtain enough materials (over 1000 inflorescences)
for the following experiments. Field managements such as watering, fertilizing, weeding, and pests
and diseases control were carried out normally. Seeds of Nicotiana benthamiana were planted in a sterile
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rooting mixture and cultured under controlled conditions (22 °C day/16 °C night cycle; 16-h light/8-h
dark photoperiod).

Inflorescences were collected from 30 individual plants in November 2016. Tubular flowers
of chrysanthemum are shown in Figure S4. For this experiment, anthers were divided into
three developmental stages, going from the inside of the inflorescence to the outside: Period 1
(indehiscent period); period 2 (crucial period of anther dehiscence); period 3 (dehiscent period).
A single anther was removed from a selected tubular flower and placed on a slide. To verify its
dehiscence phenotype, a water droplet was slowly dispensed onto the anther, and dehiscence was
observed under a microscope (Figure S3). Since the cultivar ‘Qx-115" produces indehiscent anthers,
tubular flowers of ‘Qx-115" were selected according to developmental stages of the dehiscent cultivar,
‘Qx-097’. Anthers at period 1 and period 2 were collected from each cultivar, immediately frozen in
liquid nitrogen, and stored at —80 °C until needed for RNA-Seq analysis. Anther samples of cultivar
‘Qx-115" at period 1 and period 2 are hereafter referred to as Qx-115-1 and Qx-115-2, respectively;
similarly, anther samples of cultivar ‘Qx-097" at period 1 and period 2 are hereafter referred to as
Qx-097-1 and Qx-097-2, respectively. We repeated sampling three times for each period of each cultivar,
and the mass of each biological replicate sample was greater than 0.3 g. We used over 3000 tubular
flowers in total for the 12 samples, i.e., 97-1a, 97-1b, 97-1c; 97-2a, 97-2b, 97-2¢c; 115-1a, 115-1b, 115-1¢;
115-2a, 115-2b, 115-2c.

4.2. Cytological Analysis of Anther Dehiscence

Tubular flowers with anthers at period 1 and period 2 were collected from both cultivars and
fixed in FAA (formalin-acetic acid—alcohol) solution at room temperature for 48 h. The fixed samples
were subjected to alcohol dehydration, followed by dimethyl infiltration, and then embedded in
paraffin, as described previously [45,46]. Then, the paraffin-embedded samples were sliced and stained,
as described previously [13], with slight modifications. The samples were then observed under a
microscope (Olympus BX41, Olympus Corporation, Tokyo, Japan).

4.3. Transmission Electron Microscopy Analysis of Anther Dehiscence

Fresh and intact anthers at different development stages were peeled and fixed in 2.5%
glutaraldehyde solution. The fixed anthers were vacuum infiltrated and then subjected to a series of
PHEM bulffers (60 mmol of PIPES; 25 mmol of HEPES; 10 mmol of EGTA; 2 mmol of MgCl,; pH =7.0),
osmium tetroxide, and alcohol. The embedded samples were then sectioned, stained, and observed
under a transmission electron microscope (Hitachi Limited, Tokyo, Japan) at 80 kV.

4.4. Total RNA Extraction

Total RNA was extracted from Qx-097-1, Qx-097-2, Qx-115-1, and Qx-115-2 samples using
the TRIzol Reagent (Takara Bio Inc., Otsu, Japan), according to the manufacturer’s instructions.
The integrity and purity of total RNA were determined using the Agilent 2100 system (Agilent
Technologies, Santa Clara, CA, USA) and by electrophoresis on 1% agarose gel.

4.5. cDNA Library Construction, [llumina Sequencing, and Data Analysis

DNase I (Takara Bio Inc., Otsu, Japan) treated total RNA samples were mixed with the
fragmentation buffer and fragmented. Then, mRNA was isolated from total RNA using Oligo(dT)
primers and used as the template to synthesize cDNA. Short fragments were purified and resolved
with EB bulffer for end reparation and single nucleotide A (adenine) addition. Then, short fragments
were connected using adapters. Suitable fragments were selected by PCR amplification. The quantity
and quality of cDNA libraries were verified using Agilent 2100 Bioanaylzer and ABI StepOnePlus
Real-Time PCR System.

The libraries were sequenced at the Beijing Genomics Institute (BGI) (Shenzhen, China,
http://www.genomics.cn/index.php) using the Illumina HiSeqTM 4000 platform (Illumina, San Diego,
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CA, USA), according to the manufacturer’s instructions. The datasets generated for this study can
be found in the National Center of Biotechnology Information (NCBI) database under the accession
number PRINA530082 (https://www.ncbi.nlm.nih.gov/bioproject/PRINA530082).

Low quality reads (<15%) and reads containing adaptor sequences and long stretches of unknown
bases (Ns) were removed from the raw data. The clean reads from all samples were stored in FASTQ
format [47].

4.6. De Novo Assembly, Sequence Clustering, Unigene TF Prediction, and Gene Function Annotation

After trimming and filtering, Trinity (v2.0.6; http://trinityrnaseq.github.io/) tool was used for
de novo assembly. Trinity combined three independent modules, including Inchworm, Chrysalis,
and Butterfly, which were applied sequentially to process large volumes of reads [48]. To acquire
non-redundant unigenes, these assembled unigenes were taken into further processing of sequence
splicing and redundancy removing with Tgicl program (v2.0; http://sourceforge.net/projects/tgicl) [49].
This was followed by the detection of simple sequence repeats (SSRs) and heterozygous single
nucleotide polymorphisms (SNPs) and the analysis of unigene expression. We used getorf
(EMBOSS:6.5.7.0; http://genome.csdb.cn/cgi-bin/emboss/help/getorf) [50] to find ORF of each unigene,
then aligned ORF to TF domains (form PIntfDB) using hmmsearch (v3.0; http://hmmer.org) [51],
and identified TF according to the regulations described here (form PlantfDB). To annotate the
function of unigenes, the unigenes were aligned to the NT, NR, COG, KEGG, and Swiss-Prot
databases using BLAST (v2.2.23; http://blast.ncbi.nlm.nih.gov/Blast.cgi) [52]. Blast2GO (v2.5.0;
https://www.blast2go.com) [53] was used with the NR annotation to obtain GO annotation,
and InterProScan5 (v5.11-51.0; https://code.google.com/p/interproscan/wiki/Introduction) [54] was
used to obtain the InterPro annotation.

4.7. Expression Analysis of Unigenes

After filtering out low-quality, adaptor-polluted and high content of unknown base(N) reads
from raw reads, we got the clean reads. In order to filter out transcriptional artifacts, misassembled
transcripts, and poorly supported transcripts, the clean reads were mapped to unigenes using Bowtie2
(v2.2.5; http://bowtie-bio.sourceforge.net/Bowtie2/index.shtml) [55], and gene expression levels were
calculated with RSEM (v1.2.12; http://deweylab.biostat.wisc.edu/) [56]. PCA of all samples was
performed using princomp, a function of R. DEGs were identified using NOIseq, based on the noisy
distribution model [57], according to the following parameters: Fold Change >2.00 and probability
>0.8. GO and gene function enrichment analysis, COG functional classification, and KEGG metabolic
pathway analysis were performed on all DEGs.

4.8. Validation of Gene Expression Using Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from the leaves, ray flowers, and anthers (periods 1 and 2) of both
cultivars using the TRIzol Reagent (Takara Bio Inc., Otsu, Japan), according to the manufacturer’s
protocol. The expression of selected genes was verified by qRT-PCR, as described previously [58],
using sequence-specific primers (Table S5) designed with Primer Express (v3.0.1, Thermo Fisher
Scientific, Waltham, MA, USA). The Elongation Factor 1o (EF1a) gene served as the reference sequence
(Table S5). Relative gene expression levels were calculated using the 2724¢T method.

4.9. Screening of Differentially Expressed TFs

To further identify DEGs, we used Venn diagrams (http://bioinformatics.psb.ugent.be/webtools/
Venn) to plot transcription factor-encoding genes with different expression levels between ‘Qx-097
and ‘Qx-115" anthers according to the following parameters: Fold Change >7.00 and probability
>0.8. The transcriptome genes were divided into seven groups: Up-regulated during ‘Qx-097'
anther development (97UP), down-regulated (97DOWN), without significant differential expression
(97N), up-regulated during ‘Ox-115" anther development (115UP), down-regulated (115 DOWN),
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without significant differential expression (115N); the genes that were not differentially expressed
during the anther development of ‘Qx-097" or ‘Qx-115’, but differentially expressed when ‘Qx-097"
compared with ‘Qx-115" (97 vs. 115). The comparison scheme was as follows: 115N N (97UP U
97DOWN) N TF, 115UP N (97N U 97DOWN) N TF, 115 DOWN N (97UP U 97N) N TF, 97 vs. 115N TF.

4.10. Determination of Galacturonic Acid, Pectinase, Lignin, and Lignin Synthase

According to the sampling method of 2.1, samples of Qx-097-1, Qx-097-2, Qx-115-1, and Qx-115-2
were placed in liquid nitrogen. These reproductive subsamples were weighed and then homogenized
in a fixed amount of phosphate-buffered saline (PBS; pH 7.4). The samples were centrifuged at
2000-3000 rpm for 20 min, and the supernatant was carefully collected from each sample. The contents
of galacturonic acid, pectinase, lignin, and lignin synthase in anthers were determined using the
enzyme-linked immunosorbent assay (ELISA) kit (MLBio, Shanghai, China, http://www.mlbio.cn/).
Data were analyzed using the SPSS v19.0 software (SPSS Inc., Chicago, IL, USA).

4.11. Immunohistochemical Analysis

The paraffin sections were dewaxed, rehydrated, washed three times (5 min per wash) with PBS,
and blocked with 0.2% bovine serum albumin (BSA) in PBS for 30 min. These sections were washed again
with PBS three times and then incubated with 1:10 dilutions of monoclonal antibodies, LM19 (specific to
de-esterified homogalacturonan) and LM20 (specific to esterified homogalacturonan), in PBS containing
0.2% BSA for 2 h. The paraffin sections were then washed three times with PBS and incubated with
1:50 dilution of goat anti-rat IgG fluorescein isothiocyanate conjugate (secondary antibody) in PBS
containing 0.2% BSA for 1 h at 37 °C in the dark. These sections were thoroughly washed with PBS
three times and air-dried at room temperature in the dark. The fluorescence signal was examined
under a laser scanning confocal microscope (LSM800, Zeiss, Oberkochen, Germany). Samples treated
with only the secondary antibody served as the control.

4.12. Isolation of CmERF72 and CmLOB27 and Construction of Expression Vectors

The open reading frames (ORFs) of CmERF72 and CmLOB27 were PCR amplified from the cDNA
of Qx-097-2 sample using primers containing two restriction sites, Xbal and Kpnl (Table S6). The PCR
products were then cloned into the pMD18-T vector (TaKaRa, Japan) for sequencing. Then, the ORFs of
CmERF72 and CmLOB27 were inserted into the pCAMBIA1300 vector at the Xbal and Kpnl restriction
sites to generate a fusion with the green fluorescent protein (GFP) gene under the control of the cauliflower
mosaic virus (CaMV) 35S promoter.

4.13. Transient Expression Analysis of CmERF72 and CmLOB27

The recombinant plasmids pCAMBIA1300-CmERF72 and pCAMBIA1300-CmLOB27 were
electroporated into Agrobacterium tumefaciens (strain GV3101), and the transformed leaves were used to
infect tobacco leaves [59]. Prior to infiltration, a dilution of A. tumefaciens suspension was incubated at
25 °C for 3 h. One-half of a leaf was infiltrated with A. tumefaciens containing pCAMBIA1300-CmERF72
or pPCAMBIA1300-CmLOB27, while the other half was infiltrated with equal amount of A. tumefaciens
containing the empty pCambial300 vector (negative control). Infected tobacco plants were grown for
48 h at 22 °C under a 24-h light/12-h dark cycle. To detect GFP fluorescence, the infiltrated leaves
were viewed under a laser scanning confocal microscope (LSM800, Zeiss, Oberkochen, Germany).
The contents of galacturonic acid and plant pectinase in infected leaves were also determined,
as described above, with leaves infected with the empty vector serving as the negative control.
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5. Conclusions

Our data suggest the involvement of several genes in anther dehiscence in chrysanthemum,
including genes involved in anther dehydration, lignin deposition in the endothecium, and cell wall
degradation in the stomium region (Figure 4). Analysis of transcriptome data and physiological
indices of ‘Qx-097" and ‘Qx-115 revealed two important points. First, lignin deposition occurs in
the endothecium of both dehiscent and indehiscent anthers, unlike earlier studies presuming the
lack of lignin deposition as key for anther indehiscence [9,15]. We hypothesize that the uniformity of
lignin deposition in the endothecium of anthers is one of the main reasons affecting anther dehiscence.
Second, degradation of stomium region cells may directly affect anther dehiscence, as shown by the
‘Qx-097" cultivar. CmLOB27 and CmERF72 regulate pectin metabolism and might contribute to anther
dehiscence (Figure 10). The function of these two genes in the process of anther dehiscence therefore
merits further investigation. Thus, the results of the current study provide a strong foundation for
further research on anther dehiscence in chrysanthemum and the development of new cultivars with
indehiscent anthers to mitigate pollen pollution.

PL/
. Stomium region degradation
Pectin
PG/ o el
agratalion Anther dehiscence
PME

Figure 10. A model of LOB27 and ERF72, which regulate pectin degradation. The dashed arrows
indicate positive regulation.
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Figure S1 Anther dehiscence process in chrysanthemum. Figure S2 Inflorescence and tubular flower morphology
of chrysanthemum cultivars, ‘Qx-097" and ‘Qx-115’, at the full-bloom stage. Figure S3 Observation of anther
morphology in the chrysanthemum cultivar ‘Qx-097’. Figure S4 Chrysanthemum inflorescence image and
schematic showing the division of tubular flowers according to the developmental stages. Figure S5 Comparisons
of the number of genes up-regulated and down-regulated between two chrysanthemum cultivars ‘Qx-097" and
‘Qx-115". Table S1 Summary of sequencing reads after filtering. Table S2 Potential key genes involved in anther
dehiscence. Table S3 Quantification of gene expression levels based on RNA-Seq data and quantitative real-time
PCR (qRT-PCR). Table S4 Expression and classification of transcription factor encoding DEGs identified in
chrysanthemum RNA-Seq data. Table S5 List of primers used for qRT-PCR. Table S6 List of primers used for
vector construction.
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Abbreviations

CA Carbonic anhydrase

CpP Cysteine protease

DEG Differentially expressed gene

EXP Expansin

FAA Formalin—acetic acid—alcohol

ORF Open reading frame

PCA Principal component analysis

PCD Programmed cell death

PG Polygalacturonase

PL Pectate lyase

PME Pectin methylesterase

qRT-PCR Quantitative real-time polymerase chain reaction

SSR Simple sequence repeat

TEM Transmission electron microscope

References

1.  DaSilva,]J.A.T,; Kulus, D. Chrysanthemum biotechnology: Discoveries from the recent literature. Folia Hortic.
2014, 26, 67-77. [CrossRef]

2. Lee, YW.; Choi, S.Y,; Lee, EXK,; Sohn, ].H.; Park, ].W.; Hong, C.S. Cross-allergenicity of pollens from the
Compositae family: Artemisia vulgaris, Dendranthema grandiflorum, and Taraxacum officinale. Ann. Allergy
2007, 99, 526-533. [CrossRef]

3.  Groenewoud, G.C.; de Jong, N.W.; Burdorf, A.; de Groot, H.; van Wyk, R.G. Prevalence of occupational
allergy to Chrysanthemum pollen in greenhouses in the Netherlands. Allergy 2002, 57, 835-840. [CrossRef]
[PubMed]

4. Wang, X.; Wang, H.; Chen, F; Jiang, J.; Fang, W.; Liao, Y.; Teng, N. Factors affecting quantity of pollen
dispersal of spray cut chrysanthemum (Chrysanthemum morifolium). BMC Plant Biol. 2014, 14, 5. [CrossRef]
[PubMed]

5. Cecchetti, V.; Altamura, M.M.; Falasca, G.; Costantino, P.; Cardarelli, M. Auxin regulates Arabidopsis anther
dehiscence, pollen maturation, and filament elongation. Plant Cell 2008, 20, 1760-1774. [CrossRef]

6.  Wilson, Z.A.; Song, ].; Taylor, B.; Yang, C. The final split: The regulation of anther dehiscence. J. Exp. Bot.
2011, 62, 1633-1649. [CrossRef]

7. Rehman, S.; Yun, S.J. Developmental regulation of K accumulation in pollen, anthers, and papillae: Are
anther dehiscence, papillae hydration, and pollen swelling leading to pollination and fertilization in barley
(Hordeum vulgare L.) regulated by changes in K concentration? J. Exp. Bot. 2006, 57, 1315-1321. [CrossRef]

8. Bots, M.; Feron, R.; Uehlein, N.; Weterings, K.; Kaidenhoff, R.; Mariani, T. PIP1 and PIP2 aquaporins are
differentially expressed during tobacco anther and stigma development. J. Exp. Bot. 2005, 56, 113-121.
[CrossRef] [PubMed]

9.  Villarreal, F.; Martin, V.; Colaneri, A.; Gonzalez-Schain, N.; Perales, M.; Martin, M.; Lombardo, C.; Braun, H.P;
Bartoli, C.; Zabaleta, E. Ectopic expression of mitochondrial gamma carbonic anhydrase 2 causes male
sterility by anther indehiscence. Plant Mol. Biol. 2009, 70, 471-485. [CrossRef]

10. Nelson, M.R.; Band, L.R.; Dyson, R.J.; Lessinnes, T.; Wells, D.M.; Yang, C.; Everitt, N.M.; Jensen, O.E.;
Wilson, Z.A. A biomechanical model of anther opening reveals the roles of dehydration and secondary
thickening. New Phytol. 2012, 196, 1030-1037. [CrossRef]

11. He, H,; Bai, M,; Tong, P; Hu, Y.; Yang, M.; Wu, H. CELLULASE6 and MANNANASE? affect cell differentiation
and silique dehiscence. Plant Physiol. 2018, 176, 2186-2201. [CrossRef] [PubMed]

12.  Ogawa, M.; Kay, P,; Wilson, S.; Swain, S.M. ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASEL1
(ADPG1), ADPG2, and QUARTET?2 are polygalacturonases required for cell separation during reproductive
development in Arabidopsis. Plant Cell 2009, 21, 216-233. [CrossRef] [PubMed]

13. Fei, J; Tan, S.; Zhang, F; Hua, L.; Liao, Y.; Fang, W.; Chen, E; Teng, N. Morphological and physiological

differences between dehiscent and indehiscent anthers of Chrysanthemum morifolium. ]. Plant Res.
2016, 129, 1069-1082. [CrossRef] [PubMed]


http://dx.doi.org/10.2478/fhort-2014-0007
http://dx.doi.org/10.1016/S1081-1206(10)60382-1
http://dx.doi.org/10.1034/j.1398-9995.2002.23725.x
http://www.ncbi.nlm.nih.gov/pubmed/12169182
http://dx.doi.org/10.1186/1471-2229-14-5
http://www.ncbi.nlm.nih.gov/pubmed/24393236
http://dx.doi.org/10.1105/tpc.107.057570
http://dx.doi.org/10.1093/jxb/err014
http://dx.doi.org/10.1093/jxb/erj106
http://dx.doi.org/10.1093/jxb/eri009
http://www.ncbi.nlm.nih.gov/pubmed/15520027
http://dx.doi.org/10.1007/s11103-009-9484-z
http://dx.doi.org/10.1111/j.1469-8137.2012.04329.x
http://dx.doi.org/10.1104/pp.17.01494
http://www.ncbi.nlm.nih.gov/pubmed/29348141
http://dx.doi.org/10.1105/tpc.108.063768
http://www.ncbi.nlm.nih.gov/pubmed/19168715
http://dx.doi.org/10.1007/s10265-016-0854-8
http://www.ncbi.nlm.nih.gov/pubmed/27491415

Int. ]. Mol. Sci. 2019, 20, 5865 20 of 22

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Yu, Y;; Hu, R; Wang, H.; Cao, Y.; He, G.; Fu, C.; Zhou, G. MIWRKY12, a novel Miscanthus transcription
factor, participates in pith secondary cell wall formation and promotes flowering. Plant Sci. 2013, 212, 1-9.
[CrossRef]

Zhong, R.; Lee, C.; Ye, Z. Global analysis of direct targets of secondary wall NAC master switches in
Arabidopsis. Mol. Plant 2010, 3, 1087-1103. [CrossRef]

Senatore, A.; Trobacher, C.P.; Greenwood, J.S. Ricinosomes predict programmed cell death leading to anther
dehiscence in tomato. Plant Physiol. 2009, 149, 775-790. [CrossRef]

Mitsuda, N.; Iwase, A.; Yamamoto, H.; Yoshida, M.; Seki, M.; Shinozaki, K.; Ohme-Takagi, M. NAC
transcription factors, NST1 and NST3, are key regulators of the formation of secondary walls in woody
tissues of Arabidopsis. Plant Cell 2007, 19, 270-280. [CrossRef]

Zhang, C.; Norris-Caneda, K.H.; Rottmann, WH.; Gulledge, J.E.; Chang, S.; Kwan, B.Y.; Thomas, A.M.;
Mandel, L.C.; Kothera, R.T.; Victor, A.D.; et al. Control of pollen-mediated gene flow in transgenic trees.
Plant Physiol. 2012, 159, 1319-1334. [CrossRef]

Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet.
2009, 10, 57-63. [CrossRef]

Thevenin, ].; Pollet, B.; Letarnec, B.; Saulnier, L.; Gissot, L.; Maia-Grondard, A.; Lapierre, C.; Jouanin, L.
The simultaneous repression of CCR and CAD, two enzymes of the lignin biosynthetic pathway, results in
sterility and dwarfism in Arabidopsis thaliana. Mol. Plant 2011, 4, 70-82. [CrossRef]

Yang, C.; Xu, Z.; Song, ]J.; Conner, K.; Barrena, G.V.; Wilson, Z.A. Arabidopsis MYB26/MALE STERILE35
regulates secondary thickening in the endothecium and is essential for anther dehiscence. Plant Cell
2007, 19, 534-548. [CrossRef] [PubMed]

Mizuno, S.; Osakabe, Y.; Maruyama, K.; Ito, T.; Osakabe, K.; Sato, T.; Shinozaki, K.; Yamaguchi-Shinozaki, K.
Receptor-like protein kinase 2 (RPK 2) is a novel factor controlling anther development in Arabidopsis thaliana.
Plant J. 2007, 50, 751-766. [CrossRef] [PubMed]

Mitsuda, N.; Seki, M.; Shinozaki, K.; Ohme-Takagi, M. The NAC transcription factors NST1 and NST2
of Arabidopsis regulate secondary wall thickenings and are required for anther dehiscence. Plant Cell
2005, 17,2993-3006. [CrossRef] [PubMed]

Keijzer, C.J. The processes of anther dehiscence and pollen dispersal.Il. The formation and the transfer
mechanism of pollenkitt, cell-wall development of the loculus tissues and a function of orbicules in pollen
dispersal. New Phytol. 1987, 105, 499. [CrossRef]

Manning, J.C.; Goldblatt, P. Endothecium in iridaceae and its systematic implications. Am. ]. Bot.
1990, 77, 527-532. [CrossRef] [PubMed]

Jian-Fang, H.U.; Zhang, D.Y.; Gao, F.; Zhang, W. Anatomical structure of anther with abnormal dehiscence in
‘Jingbaili” (Pyrus ussuriensis Maxim.) Pear. Acta Bot Bor-Occid Sin. 2009, 29, 1138-1143.

Sharma, A.; Singh, M.B.; Bhalla, P.L. Anther ontogeny in Brachypodium distachyon. Protolasma 2015,252,439-450.
[CrossRef]

Yang, C.; Song, J.; Ferguson, A.C.; Klisch, D.; Simpson, K.; Mo, R.; Taylor, B.; Mitsuda, N.; Wilson, Z.A.
Transcription factor MYB26 is key to spatial specificity in anther secondary thickening formation. Plant
Physiol. 2017, 175, 333-350. [CrossRef]

Ko, J.H; Jeon, HW.,; Kim, W.C.; Kim, J.Y.; Han, K.H. The MYB46/MYB83-mediated transcriptional regulatory
programme is a gatekeeper of secondary wall biosynthesis. Ann. Bot. 2014, 114, 1099-1107. [CrossRef]
Weng, J.; Mo, H.; Chapple, C. Over-expression of F5H in COMT-deficient Arabidopsis leads to enrichment of
an unusual lignin and disruption of pollen wall formation. Plant J. 2010, 64, 898-911. [CrossRef]
Schilmiller, A.L.; Stout, J.; Weng, J.; Humphreys, J.; Ruegger, M.O.; Chapple, C. Mutations in the cinnamate
4-hydroxylase gene impact metabolism, growth and development in Arabidopsis. Plant J. 2009, 60, 771-782.
[CrossRef] [PubMed]

Rieu, I.; Wolters-Arts, M.; Derksen, J.; Mariani, C.; Weterings, K. Ethylene regulates the timing of anther
dehiscence in tobacco. Planta 2003, 217, 131-137. [PubMed]

Cosgrove, D.]J. Loosening of plant cell walls by expansins. Nature 2000, 407, 321-326. [CrossRef] [PubMed]
Moore, J.P.; Nguema-Ona, E.E.; Vicre-Gibouin, M.; Sorensen, 1.; Willats, W.G.; Driouich, A.; Farrant, ].M.
Arabinose-rich polymers as an evolutionary strategy to plasticize resurrection plant cell walls against
desiccation. Planta 2013, 237, 739-754. [CrossRef]


http://dx.doi.org/10.1016/j.plantsci.2013.07.010
http://dx.doi.org/10.1093/mp/ssq062
http://dx.doi.org/10.1104/pp.108.132720
http://dx.doi.org/10.1105/tpc.106.047043
http://dx.doi.org/10.1104/pp.112.197228
http://dx.doi.org/10.1038/nrg2484
http://dx.doi.org/10.1093/mp/ssq045
http://dx.doi.org/10.1105/tpc.106.046391
http://www.ncbi.nlm.nih.gov/pubmed/17329564
http://dx.doi.org/10.1111/j.1365-313X.2007.03083.x
http://www.ncbi.nlm.nih.gov/pubmed/17419837
http://dx.doi.org/10.1105/tpc.105.036004
http://www.ncbi.nlm.nih.gov/pubmed/16214898
http://dx.doi.org/10.1111/j.1469-8137.1987.tb00887.x
http://dx.doi.org/10.1002/j.1537-2197.1990.tb13584.x
http://www.ncbi.nlm.nih.gov/pubmed/30139162
http://dx.doi.org/10.1007/s00709-014-0689-x
http://dx.doi.org/10.1104/pp.17.00719
http://dx.doi.org/10.1093/aob/mcu126
http://dx.doi.org/10.1111/j.1365-313X.2010.04391.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03996.x
http://www.ncbi.nlm.nih.gov/pubmed/19682296
http://www.ncbi.nlm.nih.gov/pubmed/12721857
http://dx.doi.org/10.1038/35030000
http://www.ncbi.nlm.nih.gov/pubmed/11014181
http://dx.doi.org/10.1007/s00425-012-1785-9

Int. ]. Mol. Sci. 2019, 20, 5865 21 of 22

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Jiang, E; Lopez, A.; Jeon, S.; de Freitas, S.T.; Yu, Q.; Wu, Z.; Labavitch, ].M.; Tian, S.; Powell, A.L.T.; Mitcham, E.
Disassembly of the fruit cell wall by the ripening-associated polygalacturonase and expansin influences
tomato cracking. Hortic. Res. 2019, 6. [CrossRef]

Chea, S.; Yu, D.J.; Park, J.; Oh, H.D.; Chung, SW.; Lee, H.J. Fruit softening correlates with enzymatic and
compositional changes in fruit cell wall during ripening in ‘Bluecrop” highbush blueberries. Sci. Hortic.
2019, 245, 163-170. [CrossRef]

Wang, D.; Yeats, T.H.; Uluisik, S.; Rose, ] K.C.; Seymour, G.B. Fruit softening: Revisiting the role of pectin.
Trends Plant Sci. 2018, 23, 302-310. [CrossRef]

Corral-Martinez, P.; Garcia-Fortea, E.; Bernard, S.; Driouich, A.; Segui-Simarro, J.M. Ultrastructural
immunolocalization of arabinogalactan protein, pectin and hemicellulose epitopes through anther
development in Brassica napus. Plant Cell Physiol. 2016, 57, 2161-2174. [CrossRef]

Husbands, A.; Bell, EM.; Shuai, B.; Smith, HM.S,; Springer, P.S. LATERAL ORGAN BOUNDARIES defines
a new family of DNA-binding transcription factors and can interact with specific bHLH proteins. Nucleic
Acids Res. 2007, 35, 6663-6671. [CrossRef]

Xu, C; Luo, F; Hochholdinger, F. LOB domain proteins: Beyond lateral organ boundaries. Trends Plant Sci.
2016, 21, 159-167. [CrossRef]

Ba, L.; Shan, W.; Kuang, J.; Feng, B.; Xiao, Y.; Lu, W.; Chen, J. The banana MaLBD (LATERAL ORGAN
BOUNDARIES DOMAIN) transcription factors regulate EXPANSIN expression and are involved in fruit
ripening. Plant Mol. Biol. Rep. 2014, 32, 1103-1113. [CrossRef]

Palmerossudrez, P.A.; Massangesanchez, J.A.; Sdnchezsegura, L.; Martinezgallardo, N.A.; Espitia, R.E.;
Goémezleyva, J.E; Délanofrier, J.P. AhDGR2, an amaranth abiotic stress-induced DUF642 protein gene,
modifies cell wall structure and composition and causes salt and ABA hyper-sensibility in transgenic
Arabidopsis. Planta 2016, 245, 1-18.

Li, M.; Zhang, Y.; Zhang, Z.; Ji, X.; Zhang, R.; Liu, D.; Gao, L.; Zhang, ].; Wang, B.; Wu, Y.; et al. Hypersensitive
ethylene signaling and ZMdPG1 expression lead to fruit softening and dehiscence. PLoS ONE 2013, 8, e58745.
[CrossRef] [PubMed]

Gao, Y,; Liu, Y;; Liang, Y.; Lu, J.; Jiang, C.; Fei, Z,; Jiang, C.Z.; Ma, C.; Gao, J. Rosa hybrida RhERF1 and
RhERF4 mediate ethylene- and auxin-regulated petal abscission by influencing pectin degradation. Plant J.
2019, 99, 1159-1171. [CrossRef]

Teng, N.; Wang, Y.; Sun, C.; Fang, W.; Chen, F. Factors influencing fecundity in experimental crosses of water
lotus (Nelumbo nucifera Gaertn.) cultivars. BMC Plant Biol. 2012, 12, 82. [CrossRef]

Sun, C.; Huang, Z.; Wang, Y.; Chen, F,; Teng, N.; Fang, W.; Liu, Z. Overcoming pre-fertilization barriers in the
wide cross between Chrysanthemum grandiflorum (Ramat.) Kitamura and C. nankingense (Nakai) Tzvel. by
using special pollination techniques. Euphytica 2011, 178, 195-202. [CrossRef]

Cock, PJ.; Fields, CJ.; Goto, N.; Heuer, M.L.; Rice, PM. The Sanger FASTQ file format for sequences with
quality scores, and the Solexa/Illumina FASTQ variants. Nucleic Acids Res. 2010, 38, 1767-1771. [CrossRef]
Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.;
Raychowdhury, R.; Zeng, Q.; et al. Full-length transcriptome assembly from RNA-Seq data without a
reference genome. Nat. Biotechnol. 2011, 29, 644—652. [CrossRef]

Pertea, G.; Huang, X; Liang, F; Antonescu, V,; Sultana, R.; Karamycheva, S.; Lee, Y.; White, J.; Cheung, F.;
Parvizi, B.; et al. TIGR Gene Indices clustering tools (TGICL): A software system for fast clustering of large
EST datasets. Bioinformatics 2003, 19, 651-652. [CrossRef]

Rice, P.; Longden, I.; Bleasby, A. EMBOSS: The European Molecular Biology Open Software Suite. Trends Genet.
2000, 16, 276-277. [CrossRef]

Mistry, J.; Finn, R.D.; Eddy, S.R.; Bateman, A.; Punta, M. Challenges in homology search: HMMER3 and
convergent evolution of coiled-coil regions. Nucleic Acids Res. 2013, 41, e121. [CrossRef] [PubMed]
Altschul, S.F; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.]J. Basic local alignment search tool. ]. Mol. Biol.
1990, 215, 403-410. [CrossRef]

Conesa, A.; Gotz, S.; Garcia-Gomez, J.M.; Terol, J.; Talon, M.; Robles, M. Blast2GO: A universal tool for
annotation, visualization and analysis in functional genomics research. Bioinformatics 2005, 21, 3674-3676.
[CrossRef] [PubMed]

Quevillon, E; Silventoinen, V.; Pillai, S.; Harte, N.; Mulder, N.; Apweiler, R.; Lopez, R. InterProScan: Protein
domains identifier. Nucleic Acids Res. 2005, 33, W116-W120. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41438-018-0105-3
http://dx.doi.org/10.1016/j.scienta.2018.10.019
http://dx.doi.org/10.1016/j.tplants.2018.01.006
http://dx.doi.org/10.1093/pcp/pcw133
http://dx.doi.org/10.1093/nar/gkm775
http://dx.doi.org/10.1016/j.tplants.2015.10.010
http://dx.doi.org/10.1007/s11105-014-0720-6
http://dx.doi.org/10.1371/journal.pone.0058745
http://www.ncbi.nlm.nih.gov/pubmed/23527016
http://dx.doi.org/10.1111/tpj.14412
http://dx.doi.org/10.1186/1471-2229-12-82
http://dx.doi.org/10.1007/s10681-010-0297-6
http://dx.doi.org/10.1093/nar/gkp1137
http://dx.doi.org/10.1038/nbt.1883
http://dx.doi.org/10.1093/bioinformatics/btg034
http://dx.doi.org/10.1016/S0168-9525(00)02024-2
http://dx.doi.org/10.1093/nar/gkt263
http://www.ncbi.nlm.nih.gov/pubmed/23598997
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1093/bioinformatics/bti610
http://www.ncbi.nlm.nih.gov/pubmed/16081474
http://dx.doi.org/10.1093/nar/gki442
http://www.ncbi.nlm.nih.gov/pubmed/15980438

Int. ]. Mol. Sci. 2019, 20, 5865 22 of 22

55.

56.

57.

58.

59.

Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357-359.
[CrossRef]

Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference
genome. BMC Bioinform. 2011, 12, 323. [CrossRef]

Tarazona, S.; Garcia-Alcalde, F; Dopazo, J.; Ferrer, A.; Conesa, A. Differential expression in RNA-seq:
A matter of depth. Genome Res. 2011, 21, 2213-2223. [CrossRef]

Song, A.;Lu,].;Jiang, J.; Chen, S.; Guan, Z.; Fang, W.; Chen, F. Isolation and characterisation of Chrysanthemum
crassum SOS1, encoding a putative plasma membrane Na*/H* antiporter. Plant Biol. 2012, 14, 706-713.
[CrossRef]

Wu, Z; Liang, J.; Zhang, S.; Zhang, B.; Zhao, Q.; Li, G.; Yang, X.; Wang, C.; He, J.; Yi, M. A canonical
DREB2-type transcription factor in lily is post-translationally regulated and mediates heat stress response.
Front. Plant Sci. 2018, 9, 243. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1186/1471-2105-12-323
http://dx.doi.org/10.1101/gr.124321.111
http://dx.doi.org/10.1111/j.1438-8677.2011.00560.x
http://dx.doi.org/10.3389/fpls.2018.00243
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Anther Development and Dehiscence in Chrysanthemum 
	RNA-Seq Analysis and Read Assembly 
	Gene Annotation and Functional Classification 
	Validation of Gene Expression by qRT-PCR 
	Anther Dehiscence-Associated DEGs 
	Six Selected Gens Expressions in Different Tissues 
	Comparisons of Accumulated Galacturonic Acid, Pectinase, Lignin, and Lignin Synthase in Anthers Between the Four Samples 
	Pectin Accumulation in ‘Qx-097’ and ‘Qx-115’ Anthers 
	Expression Model of CmERF72 and CmLOB27 in Chrysanthemum 
	Transient Expression of CmERF72 and CmLOB27 in Tobacco Leaves 

	Discussion 
	Materials and Methods 
	Plant Materials and Growth Conditions 
	Cytological Analysis of Anther Dehiscence 
	Transmission Electron Microscopy Analysis of Anther Dehiscence 
	Total RNA Extraction 
	cDNA Library Construction, Illumina Sequencing, and Data Analysis 
	De Novo Assembly, Sequence Clustering, Unigene TF Prediction, and Gene Function Annotation 
	Expression Analysis of Unigenes 
	Validation of Gene Expression Using Quantitative Real-Time PCR (qRT-PCR) 
	Screening of Differentially Expressed TFs 
	Determination of Galacturonic Acid, Pectinase, Lignin, and Lignin Synthase 
	Immunohistochemical Analysis 
	Isolation of CmERF72 and CmLOB27 and Construction of Expression Vectors 
	Transient Expression Analysis of CmERF72 and CmLOB27 

	Conclusions 
	References

